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(57) ABSTRACT

An unmanned aerial vehicle comprises a housing, a rotor that
1s rotated to propel the housing, a pressure sensor that gener-
ates a signal indicative of an air pressure proximate a bottom
surface of the housing, and a processor configured to deter-
mine, based on the signal, when an increase 1n air pressure
proximate the bottom surface 1s greater than or equal to a
threshold value associated with the ground effect of the rotor,
wherein the processor controls the rotor to cease rotating or
decrease rotational speed to land the unmanned aerial vehicle
upon determining that the increase 1n pressure 1s greater than
or equal to the threshold value.

20 Claims, 7 Drawing Sheets
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GROUND PROXIMITY SENSOR

TECHNICAL FIELD

This disclosure relates to ducted-fan air vehicles, such as
unmanned aerial vehicles.

BACKGROUND

Ducted-fan air-vehicles, and in particular, unmanned air-
vehicles (UAVs) implementing ducted-fans, are increasingly
being deployed 1n battlefield scenarios. An unmanned aerial
vehicle (UAV) 1s an aircraft that flies without a human crew on
board the aircraft. A UAV can be used for various purposes,
such as reconnaissance and surveillance, navigating for
troops and ground vehicles, and non-line-of-sight targeting.
Accordingly, a UAV may be configured to detect enemy
troops and vehicles 1n areas where ground forces (or even
aerial forces) lack a direct line-of-sight.

SUMMARY

In general, the disclosure 1s directed to a ground proximity
sensing system for an unmanned aerial vehicle (UAV) that
utilizes the phenomenon of ground effect to detect proximity
to a landing surface. In some examples, the ground proximity
sensing system detects proximity to a landing surface by
determining whether a pressure increase proximate a bottom
surface of the UAV 1s associated with ground effect. The use
of ground effect allows the ground proximity sensing system
to determine that the UAV 1s close enough to a landing surface
to cease or slow rotation of a rotor, such as a fan ot a ducted
fan UAV, and allow the UAV to land without adverse eftects
that may result from landing when the rotor 1s rotating at too
high of a speed.

In one example, the disclosure 1s directed to an unmanned
aerial vehicle comprising a housing, a rotor that 1s rotated to
propel the housing, a pressure sensor that generates a signal
indicative of an air pressure proximate a bottom surface of the
housing, and a processor configured to determine, based on
the signal, when an increase in air pressure proximate the
bottom surface 1s greater than or equal to a threshold value
associated with the ground effect of the rotor, wherein the
processor controls the rotor to cease rotating or decrease
rotational speed to land the unmanned aerial vehicle upon
determining that the increase in pressure i1s greater than or
equal to the threshold value.

In another example, the disclosure 1s directed to a method
comprising determining a pressure proximate a bottom sur-
face of an air vehicle, the air vehicle comprising a rotor for
propelling the air vehicle, determining if an 1ncrease 1n air
pressure proximate the bottom surface of the air vehicle 1s
greater than or equal to a threshold value associated with
ground effect of the rotor, and controlling the rotor to cease
rotation or slow rotational speed to land the air vehicle upon
determining that the increase in pressure 1s greater than or
equal to the threshold value.

In another example, the disclosure 1s directed to a method
of determiming that an unmanned aerial vehicle 1s proximate
the ground, the method comprising determining a first pres-
sure proximate a bottom surface of the unmanned aerial
vehicle, the unmanned aenal vehicle comprising a rotor for
propelling the unmanned aerial vehicle, descending the
unmanned aerial vehicle, during the descent of the unmanned
aerial vehicle, determining a second pressure proximate the
bottom surface of the unmanned aerial vehicle, determining a
difference between the first pressure and the second pressure,
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and controlling the rotor to cease rotation or decrease rota-
tional speed to land the unmanned aerial vehicle 11 the difier-
ence 1s equal to or greater than a threshold value associated
with ground efifect of the rotor.

In another example, the disclosure 1s directed to an article
of manufacture comprising a computer-readable storage
medium comprising instructions. The instructions cause a
programmable processor to perform any part of the tech-
niques described heremn. The instructions may be, for
example, soltware instructions, such as those used to define a
soltware or computer program. The computer-readable
medium may be a computer-readable storage medium such as
a storage device (e.g., a disk drive, or an optical drive),
memory (e.g., a Flash memory, random access memory or
RAM) or any other type of volatile or non-volatile memory
that stores instructions (e.g., 1n the form of a computer pro-
gram or other executable instructions).

The details of one or more examples of the disclosure are
set forth 1n the accompanying drawings and the description
below. Other features, objects, and advantages of the systems,
methods, and devices 1n accordance with the disclosure waill
be apparent from the description and drawings, and from the
claims.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 11s a perspective view of an example unmanned aerial
vehicle (UAV).

FIG. 2 1s a side view of the example UAV of FIG. 1.

FIG. 3 1s a plan view of the example UAV of FIG. 1, which
illustrates a bottom surface of the UAV.

FIG. 4 1s schematic illustration of an example system 1n
which an example ground station can control the example
UAYV to land on a landing surface.

FIG. 5 15 a flow diagram of an example method for deter-
mining when an air vehicle 1s proximate to a landing surface.

FIG. 6 1s a flow diagram of an example method for deter-
mining 1f an 1ncrease 1n pressure proximate a bottom surtace
of the air vehicle 1s associated with ground etfect.

FIG. 7 1s a functional block diagram of an example ground
proximity sensor landing system for an air vehicle, where the
landing system can be utilized to determine 11 the air vehicle
1s proximate to a landing surface.

FIG. 8 15 a tlow diagram of an example method for deter-
mining when an unmanned aerial vehicle 1s proximate to a
landing surface.

DETAILED DESCRIPTION

In general, this disclosure 1s directed to a ducted-fan air
vehicle and may take the form of an unmanned aeral vehicle
(UAV), such as a micro air vehicle (MAV). A ducted-fan air
vehicle described herein includes a system for detecting prox-
imity of the air vehicle to the ground, which can be usetul for
various purposes, such as landing the air vehicle. The ground
proximity sensing system includes a ground proximity sensor
that takes advantage of the ground effect caused by a rotor of
the air vehicle, such as the fan of a ducted-fan air vehicle,
when the air vehicle 1s proximate to a landing surface, such as
the ground. Ground eflect occurs because the rotor creates lift
by forcing air downward, and when the air vehicle 1s close
enough to the landing surface, the landing surface restricts the
downward flow of air, creating an area of higher pressure,
similar to a cushion of air, proximate a bottom surface of the
air vehicle, e.g., between the bottom surface and the landing
surface. A bottom surface of the air vehicle can be, for
example, a surface of the air vehicle generally facing the
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landing surface when the air vehicle 1s landing, where the
surface 1s large enough to restrict the flow of air between the
air vehicle and the landing surface. For example, in some
UAVs, the bottom surface can be on a duct housing 1n which
the rotor 1s positioned. The bottom surface can be, but need
not be, the surface of the air vehicle closest to the landing
surface when the air vehicle 1s landing.

The ground proximity sensor comprises a pressure sensor
that generates a signal (e.g., an electrical signal) indicative of
an air pressure proximate a bottom surface of the air vehicle
in order to detect an increase in pressure associated with the
ground effect of the rotor. The ground proximity sensing
system further includes a processor that 1s configured to deter-
mine, based on analysis of the signal generated by the pres-
sure sensor, when an increase 1n pressure proximate the bot-
tom surface 1s greater than or equal to a threshold value that 1s
associated with the ground effect. The threshold value, there-
fore, represents a change 1n pressure from a first time period
to a second time period, examples of which are described
below. When the processor makes this determination, 1t may
control the rotor to cease or slow the rotor’s rotational speed
so that the air vehicle can land. A ground proximity sensing
system that utilizes the pressure increase associated with the
ground effect provides for a reliable ground proximity sensor
at a low cost compared to existing sensor systems that rely on,
for example, ultrasonic waves to determine a distance
between a air vehicle and a landing surface.

In some examples, the ducted-fan air vehicle that includes
the ground proximity sensing system may also take the form
of an organic air vehicle (OAV). Currently, the United States
government has funded development of two classes of
OAVs—smaller-class I OAVs and larger-class 11 OAVs. This
disclosure will describe the ducted-fan air vehicle by way of
example with reference to a UAV. However, the ground prox-
imity sensing system can be included in any suitable air
vehicles, such as class I or class II OAVs, as well as other
types of OAVs, MAVs, and ducted-fan air-vehicles.

FIGS. 1-3 1llustrate an example UAV 100, which includes
a ground proximity sensing system that determines 1f UAV
100 1s proximate to a landing surface based on a change 1n
pressure (e.g., a pressure gradient) proximate a bottom sur-
face of UAV 100 resulting from a ground effect. UAV 100
may include a housing 104 and a rotor 106 (also referred to as
a fan 106 or rotor fan 106) (shown 1n FIG. 3), located within
an air duct 105 passing through housing 104, and an engine
108 to drive rotor 106. Rotor 106 provides for the propulsion
of UAV 100 by creating an air flow capable of creating suili-
cient lift so that UAV 100 may fly above the ground. UAV 100
may also include a center body 110, which may include
components for the operation of UAV 100, such as engine 108
for powering rotor 106 and one or more pods that house
additional components. In FIG. 1, engine 108 1s located
toward the inlet end of air duct 105 and 1s mechanically
connected (either directly or indirectly) to rotor 106.

In some examples, UAV 100 includes a rotor assembly that
includes rotor 106 stator assembly 126, and tail cone 131. In
such examples, rotor 106, stator assembly 126, and tail cone
131 may be arranged axially in the direction of flow through
duct 105 formed by duct housing 104. Stator assembly 126
may be located under rotor 106 located within the duct hous-
ing 104. Stator assembly 126 may direct the flow air through
duct 105, e.g., to counteract the torque produced by rotor 106.
In one example, rotor 106 comprises a fan having a plurality
of blades 107 that extend axially from the center of rotor 106,
such as the five blades 107 best seen 1n FIG. 3. In operation,
rotor 106 rotates to draw a working medium gas including,
¢.g., air, mto duct mlet 129. The working medium gas 1s
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drawn through the rotor assembly by rotor fan 106, directed
by stator assembly 126 and accelerated out of duct outlet 130
around tail cone 131. The acceleration of the working
medium gas through duct 105 generates lift to propel UAV
100. Control vanes 128 may be controlled by a controller on
board UAV 100 or a remote controller to direct UAV 100
along a particular trajectory, 1.e., a flight path. In this manner,
engine 108 drives ducted rotor fan 106 to propel UAV 100 1n
tlight. Duct housing 104 may be formed of any suitable mate-
rial including, e.g., various composites, aluminum or other
metals, a sem1 rigid foam, various elastomers or polymers,
aeroelastic materials, or even wood.

UAV 100 may also include control vanes 128. Control
vanes 128 may be located under rotor 106, and may operate to
create control moments for UAV 100 (e.g., to direct UAV 100
in a particular tlight path) by controlling the direction of the
air flow produced by rotor 106. In one example, control vanes
128 are placed slightly below an outlet 130 of air duct housing
104. UAV 100 may contain {ixed and/or movable vanes. Once
UAYV 100 has launched, control vanes 128 can receive control
signal from avionics processor 121 or another processor (e.g.,
a remote processor separate from UAV) to control the direc-
tion of thght of UAV 100. Control vanes 128 move in response
to the signals, altering the course of airtlow from rotor 106,

which 1n turn controls and guides the direction of propulsion
of rotor 106, and thus the direction of tlight for UAV 100.

In one example, UAV 100 includes pod 112 and pod 114,
which can be, for example, payload and avionics pods. In the
example shown 1n FIG. 1, pod 112 may include one or more
sensors, such as a gimbaled sensor (e.g., a gimbaled camera
116 1n the example shown in FIGS. 1-3). Pod 112 may also
house other components, such as a gimbaled camera control
system 115, GPS, a radio, and a video link for imagery.
(Gimbaled camera control system 115 may include any com-
bination of hardware, firmware, and/or soitware operable to
interpret and execute instructions, €.g., from a software appli-
cation. For example, gimbaled camera control system 115
may include a microcontroller, a microprocessor, or an appli-
cation-specific integrated circuit (ASIC). Gimbaled camera
116 may be an electro-optical camera for daylight operations
or infrared cameras for night missions. Any camera suitable
for any type or time of mission may be used. However, pod
112 can include any suitable sensors, and, 1n some examples,
does not include sensors. For example, pod 112 can be dedi-
cated to carrying a payload.

In one example, pod 114 may be configured to carry an
avionics package including as well as flight control electron-
ics and sensors. In one example, pod 114 includes an avionics
system 120 comprising avionics for communicating to and
from UAV 100 and navigating UAV 100, and flight control
clectronics and sensors. For example, 1n the example shown
in FIGS. 1-3, pod 114 includes a processor 121 (shown sche-
matically 1n FIG. 2). Avionics processor 121 may be any
combination of hardware, firmware, and/or software operable
to interpret and execute istructions, e.g., from a software
application. For example, avionics processor 121 pod can
include any one or more ol a microprocessor, a controller, a
digital signal processor (DSP), an application specific inte-
grated circuit (ASIC), a field-programmable gate array
(FPGA), or discrete logic circuitry. The functions attributed
to processor 121, as well as other processors described herein,
may be embodied in a hardware device via software, firm-
ware, hardware or any combination thereof.

Avionics processor 121 may control both avionics system
120 and gimbaled camera control system 115, or gimbaled
camera control system 115 and avionics system 120 may be
controlled by separate processors. Avionics system 120 may
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also include a memory 123 for storing data about the tlight of
UAV 100, as well as instructions for execution by processor
121. Avionics system 120 may be coupled to gimbaled cam-
era control system 115 and gimbaled camera 116. In conjunc-
tion with gimbaled camera 116 and gimbaled camera control
system 115, avionics system 120 may control UAV 100 by
controlling the altitude, positioning, and forward speeds of
UAV 100. Avionics system 120 1n conjunction with gimbaled
camera control system 115 may control UAV 100 using vari-
ous 1nputs. In one example, avionics system 120 may use
inputs, such as gimbaled camera angles, nertial sensors,
GPS, and airtlow speed and direction, 1n order to control UAV
100.

UAV components located in pods 112, 114 may be
arranged 1n other ways. Further, additional pods or fewer pods
are possible. In one example, the pods and components stored
in them are preferably selected in order to maintain the center
of gravity of UAV 100. UAV 100 may also include an antenna
or antennas 124 that allow UAV 100 (e.g., avionics processor
121) to recerve and transmit signals, such as navigation sig-
nals, control signals, and imagery signals.

UAV 100 may also include landing gear 132 with which
UAV 100 may land upon a landing surface, e.g., the ground.
In the example shown 1n FIGS. 1 and 2, landing gear 132
comprises a plurality of elongated legs that are configured to
engage a landing surface. Each leg of landing gear 132 may
include a curved foot that 1s configured to engage a landing
surface. The legs and feet may be fabricated from a variety of
maternials including metals, plastics, and composites. Other
configurations of the legs of landing gear 132 or other landing
mechanisms may also be used. In some examples, the legs of
landing gear 132 may be fabricated from one or more mate-
rials that exhibit some inherent resiliency to cushioning UAV
100 during landings, which can help absorb some of the
impact when UAV 100 lands upon the landing surface. Other
example of landing gear 132 of UAV 100 may include fewer
or greater number of legs, which may be connected to differ-
ent components of the vehicle than shown 1n the example of
FIG. 1.

FIG. 4 1s a schematic illustration of a system that includes
UAV 100 and ground station 140, which are configured to
communicate with each other. A ground station, such as a
portable ground station 140 shown 1n FI1G. 4, may be used to
guide UAV 100, direct operation of UAV 100 (e.g., control the
release of a payload, or control the operation of a sensor such
as gimbaled camera 116), and/or recerve data from one or
more sensors aboard UAV 100, such as images from the

gimbaled camera or cameras 116 shown 1n the example of
FIG. 1. Ground station 140 communicates with UAV 100 via

a wireless communications link 142, such as a RF communi-
cations link, or a link used for an analog or digital radio or
communication via a wireless modem. An operator 144 at
ground station 140 can program a thght path or portions of a
tlight path for UAV 100 or manually control the flight path or
portions of the tlight path. However, in some examples, UAV
100 1s capable of running autonomously, executing missions
such as a program or reconnaissance, which may be pro-
grammed by ground station 140 and sent to UAV 100 by
communications link 142. In one example, UAV 100 runs
under the manual control of operator 144.

After UAV 100 1s 1n tlight, UAV 100 can be landed on a
landing surface, e.g., manually by an operator or automati-
cally via a preprogrammed automatic landing sequence. For
example, once a particular mission 1s complete and/or UAV
100 has reached a desired landing destination, processor 121
of avionics pod 114 or another controller on board UAV 100
or remote from UAV 100 (e.g., at ground station 140) can
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initiate the landing sequence. The landing sequence may also
be mitiated 1n mid-mission, such as for an emergency landing.
The landing sequence causes UAV 100 to descend toward the
landing surface, which may or may not be a predetermined
landing surface. Processor 121 controls rotor 106 to cease
rotation of rotor 106, such as by shutting down engine 108 or
decoupling engine 108 from rotor 106, or to slow the rota-
tional speed of rotor 106 before UAV 100 comes 1nto contact
with the landing surface.

If rotor 106 continues to create any air flow or, 1n some
examples, a relatively high air flow when UAV 100 comes
into contact with the landing surface, UAV 100 may not land
cleanly, which can damage UAV 100. For example, when
rotor 106 1s rotating at a speed that 1s suificient to create lift
during a landing sequence or in close proximity to the landing
surface, UAV 100 may skip or bounce ofl the landing surface
in unpredictable ways, in some cases causing UAV 100 to flip
over. Thus, processor 121 controls rotor 106 to cease rotating
when UAV 100 1s close to the landing surface. It 1s also
desirable for processor 121 to control rotor 106 to continue
rotating at a suflicient speed to create lift when UAV 100 1s
over a particular distance of the landing surface in order to
help prevent UAV 100 falling from a height that may cause
damage when UAV 100 contacts the landing surface. There-
fore, UAV 100 includes a ground proximity sensor 150 (FIG.

2) that processor 121 utilizes to determine when UAV 100 1s
proximate the landing surface 1n order to control the rotation
of rotor 106 during landing of UAV 100.

At the end of a flight, which can be planned or unplanned
(e.g., an emergency landing), a UAV 1s typically 1nstructed to
initiate a landing sequence during which UAV descends
toward a landing surface. The landing sequence may be 1ni-
tiated manually by an operator 144 using ground station 140
and communicated to UAV 100 by communications link 142,
automatically as part of a programmed flight plan for UAV
100, such as a flight plan programmed 1nto memory 123 and
executed by processor 121, or automatically as part of an
emergency landing sequence nitiated by processor 121 or by
ground station 140. UAV 100 includes a ground proximity
sensor with which processor 121 detects when UAV 100 1s
within a predetermined distance from the landing surface, at
which point the processor 121 controls rotor 106 to cease
rotation (e.g., by shutting down engine 108) or to slow the
rotational speed of rotor 106 1n order to land UAV 100 on the
landing surface. An unreliable ground proximity sensor may
provide a near-ground indication when the UAV 1s at too high
of an altitude. As a result, reliance on the unreliable ground
proximity sensor can cause UAV 100 to fall from a height that
1s too great for 1ts landing gear to absorb or from a height at
which UAV 100 change orientation during the descent due to
gravitational forces, and UAV 100 can be damaged, some-
times irreparably. An unreliable ground proximity sensor
may also indicate that the UAV 1s close to the ground too late
such that the rotor 106 1s still creating lift when UAV 100
comes 1nto contact with the landing surface, which may cause
UAYV 100 to skip off the landing surface or flip, also damaging
UAV 100.

In order to help avoid these problems that can occur during
landing, ground proximity sensor 150 of UAV 100 takes
advantage of the phenomenon of ground efifect that occurs
when an aircraft 1s within a certain proximity to a landing
surface, such as the ground. As described above, rotor 106
creates lift by forcing air downward through air duct 105
defined by duct housing 104. When UAV 100 is close enough
to the landing surface, such that UAV 100 experiences the
ground eflect, the landing surface can restrict the downward
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flow of a1r, and an area of higher pressure, similar to a cushion
of air, 1s created below UAV 100.

FIG. 4 provides a conceptual illustration of the ground
elfect. As UAV 100 descends from an altitude where no
ground effect 1s experienced, 1t encounters an area close to the
landing surface 152 where ground effect 1s experienced,
referred to herein as the ground-effect zone 154. An area of
increased pressure (shown as air cushion 156) 1s created
beneath UAV 100 within ground-effect zone 154 as rotor 106
rotates and forces air through air duct 105. Ground eflect
generally will be experienced when landing surface 152 has a
surface area that 1s generally equal to or greater than the area
covered by the rotation of rotor 106, sometimes referred to as
a rotor disc. Landing surface 152 may also be large enough to
provide a large enough surface area for landing gear 132. In
some examples of a ducted fan air vehicle like UAV 100,
ground-efiect zone 154 may be located at approximately one
diameter d (shown 1n FIG. 3) of rotor 106 from ground level
152. The diameter d of rotor 106 may be measured as twice
the length from the center of rotor 106 to a distal end of a vane
107, as shown in FIG. 3. In one example, the ground-effect
zone 154 may be expected to occur at between about one-
third and two-thirds of the diameter of rotor 106. However,
the distance at which ground-eflect zone 1s generated by UAV
100 can differ depending on the size (e.g., dimensions and/or
weight) of the UAV. In one example, wherein the UAV com-
prises a plurality of rotors, such as a pair of two rotors that
cach provide lift for the UAV, then the UAV will experience
ground effect when the UAV 1s within about one diameter of
the rotor having the largest diameter of the landing surface. IT
cach of the plurality of rotors have generally the same diam-
cter, then the UAV will experience ground effect when the
UAYV 1s within about the length of the common diameter away

from the landing surface.
When UAV 100 1s at an altitude that 1s higher (e.g., further

from landing surface 152) than ground-eifect zone 154, a first
pressure 1s exerted on a bottom surface of UAV 100. When
UAV 100 descends into ground-effect zone 1354, a second
pressure that 1s higher than the first pressure 1s exerted on the
bottom surface. The term “bottom surface’ as 1t 1s used herein
refers to a generally downward-facing surface (e.g., facing
landing surface 152) of UAV 100 that may experience the
pressure increase associated with ground effect within
ground-effect zone 154, such as a bottom surface 158 of UAV
housing 104 (shown 1n FIG. 2). Downward-facing surfaces
other than bottom surface 158 may experience ground effect,
and hence may be used as the location to measure for the
pressure increase i ground-effect zone 154. UAV 100 (e.g., a
processor of UAV 100, such as avionics processor 121) 1s
configured to detect the increase from the first pressure to the
second pressure exerted on the downward-facing surface and
to determine when the increase 1n pressure corresponds to the
ground eflect caused by rotor 106.

Ground proximity sensor 150 includes a pressure sensor
that generates a signal indicative of an air pressure proximate
the downward-facing surtace of UAV 100, such as bottom
surface 158 of duct housing 104. A processor on board UAV
100 (e.g., avionics processor 121) or a processor remote from
UAV 100 (e.g. a processor of a ground station 140) receives
the signal generated by ground proximity sensor 150 and
monitors the signal to determine whether the signal indicates
that an increase 1n pressure proximate bottom surface 1358
over time indicates the ground effect caused by rotor 106 1s
present. The processor can monitor the signal generated by
sensor 150 during at least a time period beginning at the time
at which UAV 100 1mitiates the landing sequence (e.g., when
UAV 100 1s not 1in ground-effect zone 154) and, 1n some
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examples, ending when the landing sequence has ceased, e.g.,
when UAV 100 has completed the landing sequence by con-
tacting the landing surface, or when the landing sequence has
been aborted. In some examples, the processor determines
whether the pressure has increased by a threshold amount
relative to a first time at which the landing sequence was
initiated or relative to an air pressure determined when UAV
100 was known to be 1n flight and not within ground-efiect
zone 154.

While the remainder of the description primarily refers to
avionics processor 121 on board UAV 100 as receiving the
signal generated by sensor 150, determining whether UAV
100 1s proximate a landing surface based on the signal, and
otherwise controlling the landing of UAV 100, in other
examples, another processor, alone or in combination with
processor 121, can perform any of the techniques performed
by avionics processor 121 described herein. The other pro-
cessor can be on board UAV 100 or can be remotely located,
¢.g., at ground station 140, which may or may not be within
site of UAV 100 when UAV 100 1s 1n thight.

After determining the signal generated by sensor 150 indi-
cates that an 1ncrease 1n pressure proximate bottom surface
158 of UAV 100 indicates the ground effect caused by rotor
106 1s present, processor 121 may control rotor 106 to cease
rotating or to decrease 1ts rotational speed so that UAV 100
will land on the landing surface. Because the ground effect
only occurs when UAV 100 1s close to the landing surface,
e.g., when UAV 100 1s in ground-effect zone 154, ground
proximity sensor 150 provides a reliable method of determin-
ing when UAV 100 1s close to the landing surface. In some
examples, rotor 106 of UAV 100 has a rotor size that is
suificiently small so that there is relatively little concern for
damage so long as rotor 106 1s stopped from rotating when
UAV 100 1s experiencing ground effect. For example, when
UAYV 100 1s a single rotor micro air vehicle (MAV), the rotor
may have a diameter of between about 0.15 meters (about 0.5
feet) and about 1 meter (about 3.3 feet). In one example, UAV
100 1s a MAV having a rotor diameter of about 0.3 meters
(about 1 foot) such that, 11 UAV 100 experiences ground effect
at a distance above the ground of about one rotor diameter,
ground proximity sensor 150 will detect the ground effect at
about 0.3 meters from the ground, and, thus, when UAV 100
1s about 0.3 meters from the ground, processor 121 will con-
trol rotor 106 to cease or slow the rotational speed ol rotor 106
so that UAV 100 can land from a safe distance from ground.

Ground proximity sensor 150 may be located anywhere on
UAYV 100 so long as 1t 1s determining the pressure proximate
a generally downward-facing surface of UAV 100, such as
bottom surface 158, where the increase 1n air pressure due to
the ground etlect 1s experienced. In one example, shown in
FIG. 2, ground proximity sensor 150 comprises a pressure
sensor, such as a pressure transducer, located within center
body 110. The pressure sensor can comprise a static or
dynamic pressure sensor. In one example in which ground
proximity sensor 150 comprises a dynamic pressure sensor,
duct housing 104 can define openings through which air
proximate bottom surface 158 of UAV 100 1s imtroduced
through duct housing 104, and sensor 150 can determine the
pressure proximate bottom surface 158 based on the air flow
through duct housing 104. For example, one or more port
holes 160 may be formed through bottom surface 158 of a lip
162 of duct housing 104 (best seen 1n FIG. 3). Internal chan-
nels 164, such as tubing, are pneumatically plumbed from
port holes 160 to ground proximity sensor 150 so that there 1s
fluid communication between port hole 160 and ground prox-
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imity sensor 150 such that the pressure at the one or more port
holes 160 may be measured remotely at ground proximity
sensor 1350.

A single port hole may be suificient to provide fluid com-
munication between the port hole and ground proximity sen-
sor 150. In the example shown i FIGS. 2 and 3, two port
holes 160 are provided in housing 104 in order to provide
redundancy. In one example, each port hole 160 1s pneumati-
cally plumbed to ground proximity sensor 150 by a separate
channel 164. However, the channels 164 from at least two port
holes 160 could join together before entering ground prox-
imity sensor 150. In one example, best seen 1n FIG. 3, the two
port holes 160 are diametrically opposed from one another on
lip 162 of housing 104. In another example, not shown, three
port holes may be provided that are spaced around lip 162, for
example the three port holes may be evenly spaced around lip
162 such that each port hole 1s about 120 degrees from its
neighboring port holes. Similarly, other numbers of evenly
spaced or unevenly spaced port holes could be used, such as
four port holes that are spaced about 90 degrees apart, five
port holes that are spaced about 72 degrees apart, six port
holes that are located about 60 degrees apart, and so on. The
pressure sensor 150 could also be located 1n either pod 112,
114, or could be located directly on bottom surface 158 of
duct housing 104.

FIG. 5 1s a flow diagram of an example technique for
determining when UAV 100 1s proximate the ground. The
example method includes determining a pressure proximate
bottom surface 158 of UAV 100 (170), such as by ground
proximity sensor 150 generating a signal indicative of the air
pressure proximate bottom surface 158 and processor 121
analyzing the signal and determining an air pressure that
corresponds to the signal. Next, processor 121 determines 1f
an 1crease 1n air pressure proximate bottom surface 158, as
indicated by a change in the signal generated by ground
proximity sensor 150, 1s greater than or equal to a calculated
threshold value that 1s associated with the ground effect of
rotor 106 (172). As described in more detail below, the thresh-
old value corresponds to the pressure increase that is expected
to be experienced proximate bottom surface 158 of UAV 100.
The pressure increase may be from a first point 1n time 1n
which UAV 100 1s known to not be within ground-efiect zone
154 (FIG. 4), such as when UAV 100 1s 1n tlight (e.g., upon
initiation of the landing sequence ot UAV 100). The threshold
value may depend on several factors including the thrust
produced by rotor 106, the total volume of UAV 100, the
surface area of bottom surface 158, and characteristics of the
air surrounding UAV 100, such as air density, which 1n turn
may be dependent on static air pressure, static air tempera-
ture, and air humidity. It some examples, processor 121 may
estimate air density without knowledge of an exact air humid-
ity level. If processor 121 determines that the increase in
pressure at bottom surface 158 1s equal to or greater than the
threshold value, then processor 121 controls rotor 106 to
cease or decrease 1ts rotational speed (174), such as by shut-
ting down engine 108.

FIG. 6 1s a flow diagram of an example method that pro-
cessor 121 may implement to determine if an increase 1n air
pressure proximate 1s equal to or greater than threshold value
(172). In the example method of FIG. 6, processor 121 deter-
mines a first sample pressure proximate bottom surface 138 at
a first point in time (176), wherein the first point 1n time 1s
when UAV 100 1s known to be above ground-etiect zone 154,
such as at the initiation of a landing sequence. For example,
processor 121 may recerve a first signal generated by ground
proximity sensor 150, where the first signal 1s indicative of the
alr pressure proximate bottom surface 138 at the first point 1n
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time. Processor 121 may determine an air pressure value
based on the first signal, e.g., based on a characteristic of the
signal, such as an istantaneous, mean, median, peak or low-
est amplitude within a certain segment of the signal, a fre-
quency of the signal, or the signal pattern. In some examples,
processor 121 may store the air pressure value of the first
sample pressure 1n memory 123.

Next, processor 121 determines a second sample pressure
proximate bottom surface 158 at a second point in time (178),
such as while UAV 100 1s descending during a landing
sequence. For example, processor 121 can recerve the signal
generated by ground proximity sensor 1350 (referred to herein
as a second signal due to the segment of the signal being
different than that generated at the first point in time) at the
second point 1n time and processor 121 can determine an air
pressure value based on the second signal. As with the first
signal, processor 121 may determine an air pressure value
based on a characteristic of the second signal, such as an
instantancous, mean, median, peak or lowest amplitude
within a certain segment of the signal, a frequency of the
signal, or the signal pattern. Processor 121 may also store the
air pressure value of the second sample pressure 1n memory
123.

Next, processor 121 determines if a difference between the
first sample pressure and the second sample pressure 1s equal
to or greater than a threshold value (180). The threshold value
can be stored in memory 123 of UAV 100 or another memory,
such as a memory at ground station 140 (FIG. 4). In some
examples, the threshold value 1s predetermined by an opera-
tor, €.g., at a time prior to the current tlight mission of UAV
100 or prior to the mitiation of the landing sequence.

In one example, processor 121 1s configured to determine
the 1increase 1n pressure associated with the ground effect by
being configured to take a sample and holding a pressure
signal from ground proximity sensor 150 when UAV 100 1s
not experiencing ground effect, and comparing the held pres-
sure signal to the pressure signal as UAV 100 descends until
a difference between the most recently taken pressure signal
and the held pressure signal 1s greater than or equal to a
predetermined threshold value.

FIG. 7 1s a functional block diagram of a ground proximity
sensor system of UAV 100, which can be utilized to determine
if the air vehicle 1s proximate to a landing surface. The ground
proximity sensor system shown in FIG. 7 includes ground
proximity sensor 150, an analog-to-digital converter (ADC)
188, a hold block 190, a difference junction 194, and a thresh-
old detector 198. The functional block diagram shown 1n FIG.
7 1llustrates how pressure signals from ground proximity
sensor 150 may be used to determine when UAV 100 1s
experiencing ground effect such that it can be determined that
UAYV 100 1s proximate the ground. The example process of the
block diagram of FIG. 7 may be performed by hardware
components or by a processor 182, such as avionics processor
121 (FIG. 2), executing software, such as software instruc-
tions that may be part of tlight-control software loaded onto
UAV 100.

As shown 1n FIG. 7, ground proximity sensor 150 measures
a pressure input 184, e.g., the pressure at bottom surface 158
of housing 104, and generates an output signal 186 corre-
sponding to the value of pressure input 184. In one example,
output signal 186 1s an analog signal 186, such as a voltage
signal, with a value that corresponds to the value of pressure
input 184, ¢.g., the higher the pressure measurement of pres-
sure input 184, the higher the voltage of output signal 186. It
the process of FIG. 7 1s to be performed by software runming
on processor 182, than the analog signal 186 1s converted to a

digital signal 186' by ADC 188. If the process of FIG. 7 1s to
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be performed by hardware components, than analog output
signal 186 does not need to be converted and ADC 188 1s not
required.

When UAV 100 i1s not experiencing ground eflect, e.g.,
upon 1nitiation of a landing sequence or when UAV 100 1s
flying at an altitude above ground-etfect zone 154, a sample
of output signal 186, 186' of ground proximity sensor 150 1s
taken and held until UAV 100 completes the landing sequence
(represented schematically by hold block 190 in FIG. 7). In

FIG. 7, the output signal that 1s held, e.g., the output signal
corresponding to the pressure mnput when ground eflect 1s not
experienced, 1s represented as output signal 186A. In one
example, hold block 190 comprises a soiftware instruction
executed by processor 182 to store the value of digital signal
186' in memory, such as memory 123 shown 1n FIG. 2 or

another memory (e.g., remotely located relative to UAV 100),
as held signal 186A. In another example, hold block 190

comprises a sample and hold hardware device comprising a
capacitor with a switch 192 that 1s closed when the signal
186A 1s to be sampled, so that the capacitor will be charged to
the same voltage as analog output signal 186. Switch 192 1s
then opened to store the analog output signal 186 as held
output signal 186 A. For example, prior to or at the imitiation
of a landing sequence, switch 192 may be closed so that the
capacitor of hold block 190 can take a sample value as held
output signal 186A. Once the sample 1s taken, switch 190 1s
opened so that the held value of output signal 186 A will
remain in hold block 190.

After output signal 186 A 1s sampled and held when UAV
100 1s not experiencing ground effect, the output signal of
ground proximity sensor 150 as UAV 100 descends 1s repeat-
edly compared to held output signal 186 A. Ground proximity
sensor 150 can continuously transmit the signal to ADC 188
or can periodically send the signal. In FIG. 7, the output signal
as UAV 100 descends 1s represented as output signal 1868
and 1s referred to herein as the present or most recent output
signal 186B. In one example, present output signal 186B 1s
compared to held output signal 186A at a frequency of
between about 1 Hz and about 100 Hz, such as between about
2 Hz and about 10 Hz. As shown 1n the example of FIG. 7,
present output signal 186B 1s compared to held output signal
186A at difference junction 194 that subtracts held output
signal 186 A from the present output signal 186B to produce
a difference signal 196. In one example, difference junction
194 15 a software instruction executed by processor 182 that
simply subtracts the digital value of held signal 186A from
the digital value of present output signal 186B to produce a
digital difference value 196 that may be stored in memory,
such as memory 123 (FIG. 2). In another example, difference
junction 194 comprises a hardware component comprising a
circuit that can compare the difference between an analog
held signal 186 A and an analog present output signal 1868 to
produce an analog difference signal 196, such as a differential
amplifier circuit that compares analog voltage output signals.

Difference signal 196 output by difference junction 194 1s
fed 1nto a threshold detector 198 that determines 11 the differ-
ence between held output signal 186 A and present output
signal 1868 1s greater than or equal to a predetermined thresh-
old value that corresponds to the ground effect. If threshold
detector 198 determines that the difference between held
output signal 186 A and present output signal 186B 1s greater
than or equal to a predetermined threshold value, threshold
detector 198 generates an output signal 200 1ndicating that
ground effect 1s being experienced. In response to receiving
output signal 200 or an indication that signal 200 was gener-
ated, processor 182 can control rotor 106 to cease rotating,
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such as by shutting down engine 108, or to decrease the
rotational speed of rotor 106 to facilitate landing of UAV 100.

In one example, threshold detector 198 comprises a soft-
ware 1nstruction run by processor 182 that determines 1t the
difference value 196 1s greater than or equal to the predeter-
mined threshold value. If the difference value 196 1s greater
than or equal to the predetermined threshold value, threshold
detector 198 generates output signal 200, which can be, for
example, an 1nstruction received by processor 182 that 1ndi-
cates a ground effect 1s present. In another example, threshold
detector 198 comprises a hardware component comprising a
circuit that can determine 11 analog difference signal 196 1s
greater than or equal to a threshold value. For example,
threshold detector 198 can comprise a comparator that can
compare a voltage difference signal 196 to a predetermined
threshold value voltage that corresponds to a pressure ditler-
ence that 1s associated with ground effect to determine which
1s greater. For example, if the voltage of difference signal 196
1s less than the threshold value voltage then the output from a
comparator will have a first value, and 11 the voltage of dii-
terence signal 196 1s greater than the threshold value voltage
then the output from the comparator will have a second value.
Threshold detector 198 may be configured to recognize when
the output from the comparator 1s the second value corre-
sponding to difference signal 196 being greater than the pre-
determined threshold value and to generate output signal 200
indicating that ground effect 1s being experienced when the
output from the comparator 1s the second value

The predetermined threshold value 1s selected to corre-
spond to an expected increase in pressure proximate bottom
surface 158 when UAV 100 1s 1n ground-efiect zone 154 (FIG.
4). In one example, the threshold value 1s set so that UAV 100
ceases to rotate rotor 106 or decreases the rotational speed of
rotor 106 at a particular absolute, geometric altitude, such as
the difference in pressure that 1s experienced by UAV 100 at
between about 0.15 meters (about 0.5 feet) and about 1 meter
(about 3.3 feet) from the landing, for example about 0.3
meters (about 1 foot) from the landing surface. In one
example, the desired absolute altitude where rotor 106 1s
stopped or slowed 1s selected depending on the weight of
UAYV 100 and the strength of landing gear 132. For example,
if UAV 100 1s particularly heavy, and landing gear 132 can
only withstand a certain force prior to breakage or compro-
mising the integrity of landing gear 132, the predetermined
threshold value may be set so that 1t 1s experienced within a
distance from the ground that 1s small enough so that landing
gear 132 will not have to withstand more force than landing
gear 132 1s configured to withstand without breakage or a
decrease 1n the mntegrity of landing gear 132. The threshold
value may be determined based on calculations or models of
the expected pressure difference that may be experienced by
UAYV 100 at a particular absolute altitude as part of the ground
elfect created by rotor 106. The threshold value also may be
determined by experimentation of a particular UAV 100, such
as when the particular UAV 100 1s manufactured or in the
field.

In one example, the predetermined threshold value may be
set based on one or more physical characteristics of UAV 100.
In one example, the size of UAV 100, such as the overall
volume of UAV 100 or the cross-sectional area or footprint
arca of UAV 100, may atlect the pressure increase that will be
experienced at bottom surface 158 because it may affect the
amount of air below UAV 100 that forms area of increased
pressure/air cushion 156 (FIG. 4). The weight of UAV 100
may also affect the calculated threshold value. In one
example, an estimated weight of UAV 100 1s used to deter-
mine the threshold value. The weight of UAV 100, which
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changes during tlight due to fuel consumption, may be esti-
mated based on a weight of UAV 100 when a fuel container
(¢.g., a fuel tank or a fuel bladder) of UAV 100 1s empty (e.g.,
an “‘empty weight”), the weight of fuel added to the tuel
container of UAV 100, and an estimation of the fuel con-
sumed during flight. The thrust produced by UAV 100, which
may be altered by changing the rotor speed, may also affect
the pressure 1increase because an increase 1n thrust may result
in a larger amount of air being forced into the area of air

cushion 156, and, thus, may increase the pressure difference
at bottom surface 138.

In another example, the threshold value may be set based
on characteristics of the air (e.g., environmental factors) 1n
which UAV 100 1s flying. An example of an air characteristic
that affects the amount of the change 1n pressure associated
with ground effect 1s the air density of the air surrounding
UAV 100. For example, as the air density increases, the pres-
sure increase that1s experienced by UAV 100 1n ground-eil

ect

zone 154 (FIG. 4) increases. Thus, in one example, air density
factors 202 of the air around UAV 100 are taken 1nto consid-
eration when setting the threshold value, as shown 1n FIG. 7,
such that if the air density changes, the threshold value 1s also
changed. Air density 1s dependent on the static air pressure,
static air temperature, air humidity, and other factors. In one
example, UAV 100 may include additional sensors to detect
the static air pressure, static temperature, and air humidity,
which may be used by processor 121 to determine the air
density. Once processor 121 determines the air density, pro-
cessor 121 modifies the threshold value accordingly.

In one example, the threshold value 1s set as a function of
the density altitude of the air around UAV 100. Density alti-
tude 1s one way of approximating the efiect of the local air
density on UAV 100. Density altitude at a particular location
in space 1s defined as the altitude 1n a standard atmosphere
model, such as the International Standard Atmosphere (ISA)
or the United States Standard Atmosphere, at which the air
density would be equal to the actual air density at the particu-
lar location. Density altitude may be calculated as a function
of the static air pressure, static air temperature, and air humid-
ity. In some cases, the effects of air humidity may be ignored
such that density altitude may be calculated based on static air
pressure and static air temperature alone. In either case, UAV
100 may be configured to determine 1ts density altitude.

In one example, a processor, such as avionics processor
121, determines the density altitude of UAV 100 by using
measured values from a static air pressure sensor (not shown),
a static air temperature sensor (not shown), and, 1f desired, an
air humidity sensor, that are provided with UAV 100. In one
example, processor 121 may use a model equation that
approximate density altitude using the measured static air
pressure, static air temperature, and air humidity as inputs. In
another example, one or more tables that include density
altitude wvalues at various conditions may be stored 1in
memory, such as memory 123, and accessed by processor
121. Processor 121 may use the measured values of static air
pressure, static air temperature, and air humidity to find the
appropriate density altitude from the stored table(s).

Once processor 121 has determined the density altitude of
the air around UAV 100, processor 121 may automatically set
(e.g., mitially set or adjust) the threshold value based on the
calculated density altitude of UAV 100. In one example,
processor 121 determines the density altitude of the air
around UAV 100 at or before the initiation of a landing
sequence, and the threshold value 1s set by processor 121
according to the calculated density altitude. Processor 121
may also be configured to determine density altitude of the air
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around UAV 100 at one or more times during the descent of
UAV 100 1n order to confirm and/or update the determined
density altitude.

The extent to which the density altitude may affect the
threshold value will depend on characteristics of the particu-
lar UAV 100, such as the s1ze or weight of UAV 100. However,
in general, alower density altitude equates to a higher local air
density, and, thus, a lower density altitude can reflect a igher
change 1n pressure when UAV 100 1s experiencing ground
elfect. In one example, the threshold value may be determined
by setting a baseline threshold value, which can be, for
example, the change in pressure that 1s expected at bottom
surface 158 under standard atmospheric conditions between a
first time when UAV 100 1s known not to be under the influ-
ence of the effect and a second time when UAV 100 1s under
the influence of the ground elffect, and adjusting the actual
threshold value upwards or downwards from the baseline
threshold value depending on the determined density altitude
of UAV 100.

Density altitude 1s generally proportional to air tempera-
ture and humidity, and generally inversely proportional to
static pressure. For example, as the air temperature or air
humidity increases, the density altitude also increases, mean-
ing that the change in pressure experienced by UAV 100 1n
ground-efiect zone 154 will tend to get smaller. In such a case,
processor 121 may automatically reduce the threshold value
used to detect 1t ground effect 1s being experienced. As air
pressure increases, the density altitude decreases, and, as a
result, the change in pressure experienced by UAV 100 1n
ground-effect zone 154 may increase as density altitude
decreases. When this happens, processor 121 may automati-
cally increase the threshold value used to detect ground effect.
Therefore, depending on the value of the density altitude
calculated for UAV 100, the threshold value may be adjusted
upward or downward. In some examples 1n which processor
121 automatically adjusts a threshold value, processor 121
may prompt an operator (e.g., by transmitting a signal to
ground station 140) for confirmation that the threshold value
should be modified. In other examples, processor 121 may
automatically adjust the threshold value without user inter-
vention.

In one example, shown 1n FI1G. 7, air density factors 202 are
determined, such as by processor 121 determining the air
density around UAV 100 or the density altitude of the air
around UAV 100, and are used by threshold detector 198 to
adjust the threshold value that 1s compared to difference sig-
nal 196.

FIG. 8 1s a flow diagram 1illustrating an example method of
using the sample-and-hold calculations described above with
respect to FIG. 7 to control a landing of UAV 100. The
example method of FIG. 8 includes determining a first pres-
sure proximate bottom surface 158 of UAV 100 when UAV
100 1s not experience ground effect (210). For example, avi-
onics processor 121 can receive a first signal generated by
ground effect sensor 150 at a first point in time, where the first
signal 1s indicative of the air pressure proximate bottom sur-
face 158 and determine an air pressure value based on the first
signal. In one example, the first pressure may be determined
when UAV 100 1s known to be outside of ground-eifect zone
154, such as before or at the initiation of a landing sequence.
Next, processor 121 controls descent of UAV 100 (212) and,
during the descent, processor 121 determines a second pres-
sure proximate bottom surface 158 (214). For example, pro-
cessor 121 can receive a second signal generated by ground
elfect sensor 150 at a second point in time, where the second
signal 1s indicative of the air pressure proximate bottom sur-

face 158 during the descent of UAV 100. Processor 121 may
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determine the air pressure proximate bottom surface 158
during the descent of UAV 100 based on the second signal.

Next, processor 121 determines a difference between the
first pressure and the second pressure (216). 11 the difference
between the first pressure and the second pressure 1s greater
than or equal to a threshold value associated with ground
elfect of rotor 106, processor 121 controls rotor to cease or
decrease the rotational speed of rotor 106 in order to land
UAV 100 (218) onalanding surface. If the difference between
the first pressure and the second pressure is less than the
threshold value associated with ground etlect, then processor
121 continues to direct the descent of UAV 100 according to
the landing sequence until the point UAV 100 descends to a
point where processor 121 determines that the difference
between the first pressure and the second pressure 1s greater
than or equal to the threshold value.

The techniques described in this disclosure, including
those attributed to a “processor” such as processors 121 and
182 may be implemented, at least 1n part, 1n hardware, soft-
ware, firmware or any combination thereof. For example,
various aspects of the techniques may be implemented within
one or more processors, including one or more microproces-
sors, DSPs, ASICs, FPGAs, or any other equivalent inte-
grated or discrete logic circuitry, as well as any combinations
of such components. The term “processor” or “processing
circuitry” may generally refer to any of the foregoing logic
circuitry, alone or in combination with other logic circuitry, or
any other equivalent circuitry.

Such hardware, soitware, or firmware may be 1mple-
mented within the same device or within separate devices to
support the various operations and functions described in this
disclosure. In addition, any of the described units, modules or
components may be implemented together or separately as
discrete but interoperable logic devices. Depiction of differ-
ent features as modules or units 1s itended to highlight dii-
ferent functional aspects and does not necessarily imply that
such modules or units must be realized by separate hardware
or software components. Rather, functionality associated
with one or more modules or units may be performed by
separate hardware or soiftware components, or integrated
within common or separate hardware or software compo-
nents.

When implemented 1n software, the functionality ascribed
to the systems, devices and techniques described 1n this dis-
closure may be embodied as instructions on a computer-
readable medium such as RAM, ROM, NVRAM, FEPROM,
FLASH memory, magnetic data storage media, optical data
storage media, or the like. The instructions may be executed
to support one or more aspects of the functionality described
in this disclosure.

This disclosure refers to illustrative examples that are not
meant to be construed 1n a limiting sense. Various modifica-
tions of the illustrative examples, as well as additional
examples ol the disclosure, will be apparent to persons skilled
in the art upon reference to this description.

The mvention claimed 1s:

1. An unmanned aerial vehicle comprising:

a housing;

a rotor that 1s rotated to propel the housing;

a pressure sensor that generates a signal indicative of an air

pressure proximate a bottom surface of the housing; and

a processor configured to determine, based on the signal,

when an increase 1n air pressure proximate the bottom
surface 1s greater than or equal to a threshold value
associated with the ground effect of the rotor, wherein
the processor controls the rotor to cease rotating or
decrease rotational speed to land the unmanned aerial
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vehicle upon determinming that the increase 1n pressure 1s
greater than or equal to the threshold value.

2. The unmanned aerial vehicle of claim 1, wherein the
processor determines when the increase in pressure proxi-
mate the bottom surface 1s greater than or equal to the thresh-
old value by at least determining a difference between a first
sample pressure and a second sample pressure, wherein the
processor determines the first sample pressure based on the
signal at imitiation of a landing sequence of the unmanned
aerial vehicle and determines the second sample pressure
based on the signal during the landing sequence.

3. The unmanned aerial vehicle of claim 1, wherein the
signal comprises a first signal generated by the pressure sen-
sor at a first point 1n time and a second signal generated by the
pressure sensor at a second point in time, wherein the proces-
sor determines when the increase in pressure proximate the
bottom surface 1s greater than or equal to the threshold value
by at least determining a first sample pressure value based on
the first signal, determining a second sample pressure value
based on the second signal, and determining 1f a difference
between the first sample pressure value and the second
sample pressure value 1s greater than or equal to the threshold
value, wherein the processor controls the rotor to cease rotat-
ing or decrease rotational speed to land the unmanned aerial
vehicle when the difference 1s equal to or greater than the
threshold value.

4. The unmanned aerial vehicle of claim 1, wherein the
threshold value 1s based on at least one of: air density of air
surrounding the unmanned air vehicle or a density altitude of
air surrounding the unmanned air vehicle, a size of the hous-
ing, a weight of the unmanned aernal vehicle, or a thrust
generated by the rotor.

5. The unmanned aerial vehicle of claim 1, wherein the
threshold value 1s a function of an estimated weight of the
unmanned aerial vehicle when a fuel container of the
unmanned aerial vehicle 1s empty, a weight of fuel added to
the fuel container of the unmanned aerial vehicle, and an
estimated weight of fuel consumed.

6. The unmanned aerial vehicle of claim 1, further com-
prising a port defined by the bottom surface of the housing,
the pressure sensor being pneumatically plumbed to the port.

7. The unmanned aerial vehicle of claim 6, further com-
prising a second port defined by the bottom surface of the
housing, wherein the pressure sensor 1s also pneumatically
plumbed to the second port.

8. The unmanned aerial vehicle of claim 1, wherein the
threshold value corresponds to a predetermined height of the
bottom surface of the housing relative to a landing surface.

9. The unmanned aerial vehicle of claim 8, wherein the
predetermined height corresponds to a diameter of the rotor.

10. The unmanned aerial vehicle of claim 8, wherein the
predetermined height 1s between about 0.15 meters and about
1 meter.

11. The unmanned aerial vehicle of claim 1, wherein the
processor 1s configured to determine, based on the signal,
when the increase 1n air pressure proximate the bottom sur-
face 1s greater than or equal to the threshold value associated
with the ground effect of the rotor during a landing sequence
of the unmanned aerial vehicle.

12. A method comprising:

determining a pressure proximate a bottom surface of an air

vehicle, the air vehicle comprising a rotor for propelling
the air vehicle;

determining if an increase 1n air pressure proximate the

bottom surface of the air vehicle 1s greater than or equal
to a threshold value associated with ground effect of the
rotor; and
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controlling the rotor to cease rotation or slow rotational
speed to land the air vehicle upon determining that the
increase in pressure 1s greater than or equal to the thresh-
old value.

13. The method of claim 12, wherein determining if the
increase in pressure 1s equal to the threshold value comprises:

determining a first sample pressure proximate the bottom

surface at a first point 1n time;

determining a second sample pressure proximate the bot-

tom surface at a second point in time; and

determining 11 the difference between the first sample pres-

sure and the second sample pressure 1s equal to or greater
than the threshold value.

14. The method of claim 13, further comprising descend-
ing the air vehicle in a landing sequence, wherein the first
sample pressure 1s taken prior to or at the mnitiation of the
landing sequence of the air vehicle, and the second sample
pressure 1s taken while the air vehicle 1s descending.

15. The method of claim 12, further comprising determin-
ing the threshold value based on a characteristic of air sur-
rounding the air vehicle prior to determining 11 the increase in
alr pressure proximate the bottom surface of the air vehicle 1s
greater than or equal to the threshold value.
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16. The method of claim 15, wherein the characteristic of 25

the air surrounding the air vehicle 1s at least one of an air

18

density of the air surrounding the air vehicle or a density
altitude of the air surrounding the air vehicle.

17. The method of claim 12, wherein the threshold value 1s
based on at least one of: a size of the air vehicle, a weight of
the air vehicle, or a thrust created by the rotor.

18. The method of claim 12, wherein the threshold increase

in pressure corresponds to a predetermined height of the
bottom surface of the air vehicle relative to a landing surface.
19. The method of claim 12, wherein determining the pres-
sure proximate the bottom surface of the air vehicle com-
prises receiving a signal generated by a pressure sensor,
wherein the signal 1s indicative of the pressure proximate the
bottom surface of the air vehicle.
20. A computer-readable medium comprising instructions
for causing a programmable processor to:
determine a pressure proximate a bottom surface of an air
vehicle, the air vehicle comprising a rotor for propelling
the air vehicle;
determine if an 1ncrease 1n air pressure proximate the bot-
tom surface of the air vehicle 1s greater than or equal to
a threshold value associated with ground eflect of the
rotor; and
control the rotor to cease rotation or slow rotational speed
to land the air vehicle upon determining that the increase
1in pressure 1s greater than or equal to the threshold value.
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